Atom trapping in an interferometrically generated bottle beam trap 
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We demonstrate an optical bottle beam trap created by interfering two fun- 
damental Gaussian beams with different waists. The beams are derived from 
a single laser source using a Mach-Zehnder interferometer whose arms have 
unequal magnifications. Destructive interference of the two beams from the 
Mach-Zehnder leads to a three dimensional intensity null at the mutual fo- 
cus of the beams. We demonstrate trapping of cold Cesium atoms in a blue 
detuned bottle beam trap. 
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The use of neutral atoms for quantum information pro- 
cessing is a topic of great current interest. The quantum 
states of single atoms can be manipulated by first localiz- 
ing them in tightly confining traps. A simple method to 
achieve this is a far off-resonance optical trap (FORT). 
This trap can take two forms: a bright trap using red 
detuned light where the atoms are attracted to a region 
of high intensity [l|, or a dark trap using blue detuned 
light based on repulsion of the atoms from a surrounding 
region of high intensity. The dark trap has several advan- 
tages over the bright trap. The atoms (or other trapped 
particles) are held in an area of low intensity and there- 
fore scatter fewer photons when compared to a bright 
trap of the same depth. This significantly decreases the 
atomic heating and decoherence rates. In addition trap 
induced AC Stark shifts are minimized which simplifies 
coherent control of internal states using additional op- 
tical fields. We are especially interested in dark traps 
for application to coherent control of Rydberg atoms [2[ 
since the wavelength can be chosen to give equal trapping 
potentials for both ground and Rydberg states [3|]. 

Several methods have been used to produce bottle 
beams that have an intensity null surrounded by light in 
all directions 0, @, 0, H, E3|. Some of these approaches 
require optical access from several sides, or the use of 
custom optical polarization plates, holograms, or spatial 
light modulators. Here we demonstrate a method that is 
closest to that of Ref. [8] to produce a bottle beam using 
a single laser source with a Gaussian TEMoo spatial pro- 
file, and a Mach-Zehnder interferometer. Our approach 
can readily handle powers of several Watts and can be 
scaled from jiva to cm sized traps simply by changing the 
final focusing lens. 

We create a bottle beam (BoB) trap by destructive 
interference of two lowest order Gaussian beams with 
different waists. The beams of wavelength A propagat- 
ing along z are assumed to have the same polarization 
and are both focused with their waists w\ , W2 located at 
z = 0. Provided the beam powers satisfy P\jw\ = P2/W2 
there is an intensity null &t x = y = z = 0. Us- 
ing standard expressions for TEMoo Gaussian beams we 
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Fig. 1. (color online) Bottle beam intensity distribution 
for w\ — 0.5 //m, vj 2 = 0.94 //m, and A = 0.532 fim. 



find the axially symmetric intensity pattern shown in 
Fig. [TJ Surrounding the intensity zero there are axial 

maxima at z m = ±7rqw1/\ and a radial maximum at 

1/2 

p rn = y/2qwi (ln(q)/(q 2 — 1)) , where we have intro- 
duced q = W2/W1. The BoB provides a three dimen- 
sional trapping potential, with the lowest escape barrier 
at the saddle points on the line 6 = tan _1 (z/p) ~ 20 deg. 
As we show below the 3D localization is optimized for 
<7 = g — 1.89. Setting q = go, as in Fig. [TJ the peak 
axial intensity is 7 max ~ 0.069^^- with P = Pi + P2 the 
total power. The radial intensity and the intensity at the 
saddle point reach, respectively, 61% and 32% of /max- 

The spatial localization of cold atoms in the BoB trap 
is an important figure of merit for quantum information 
applications. To quantify the localization we evaluate the 
optical intensity near the null along the axial and radial 
directions as 
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Let us assume W2 > w± so q > 1, then for given values 
of the power, wavelength, and smaller waist w\ the lo- 
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calization in both z and r is strongest when q = qo = 
y/(3 + y/l7)/2 ~ 1.89. The dipole potential for an atom 
with scalar polarizability a is U = — -^r^J, where c is 
the speed of light. The axial motion is harmonic and the 

oscillation frequency for an atom of mass m and polar- 

1/2 

izability a is given by uo z = (2aq\ 2 P '/ '(tt 3 'ceowfm)) 
where m is the atomic mass and we have introduced 
q = (1 — q 2 ) 2 /[(l + q 2 )q 4 ]. For an atom with kinetic tem- 
perature T the roo t mean square axial displacement is 
z rms = s/ksT '/moo 2 with ks the Boltzmann constant. 

In the radial direction the potential is quartic and we 
can use the virial theorem to write (p 4 ) = ^—ksT 

where U P 4 is the coefficient of p 4 in the expansion of the 

potential. Assuming a Maxwell-Boltzmann distribution 

of atoms in the quartic potential we find (p 2 ) / (p 4 ) = 
1/2 

^ (j^j and p rms = ^^(kBT/U^) 1 / 4 . Using 

the parameters of Fig. [TJ a x = 32 x 10 -24 cm 3 for 
Cs atoms at A = 0.532 /im, T = 10 /xK, and P = 10 mW 
we find z rms = 0.28 pm and p rms = 0.22 pm. We can 
compare this with a red detuned FORT created by fo- 
cusing a single beam to a waist w±. Using A = 1.064 /mi, 
wi = 1 /im, a x = 170 x 10 -24 cm 3 and the same 
temperature and power as for the BoB trap we findQ 
z rms = 0.16 pm and p rms = 0.055 pm. The bottle beam 
gives somewhat worse localization than the red detuned 
FORT, largely because the polarizability is much smaller 
at the shorter wavelength. Nevertheless we can readily 
obtain spatial localization to much better than one pm in 
all three dimensions with a power of only 10 mW and a 
much lower photon scattering rate than in the FORT. It 
is also worth noting that the motional decoherence prop- 
erties of the BoB trap are slightly better than the FORT 
due to the quartic nature of the radial potential. 

We have demonstrated trapping of cold Cs atoms in 
a BoB trap using the approach shown in Fig. [2^. A 
Mach-Zehnder interferometer generates two beams with 
different waists by using telescopes of different magnifi- 
cation in each arm. A feedback circuit is used to lock 
the two beams out of phase by controlling a piezoelec- 
tric mirror mounted in one arm. The BoB created at 
z = can then be reimaged into the desired experimen- 
tal location with relay lenses. This setup allows variation 
of the trap aspect ratio by varying the ratio of the two 
beam waists, or variation of the trap size by changing the 
magnification of the relay optics. 

To demonstrate the feasibility of the method we used 
an injection locked Ti: Sapphire laser to produce light de- 
tuned 40 GHz to the blue of the |65i /2j F = 4) |6P 3/2 ) 
D2 transition of Cs. The light was coupled to the Mach- 
Zehnder interferometer using a single mode polarization 
preserving fiber. Each arm of the interferometer con- 
tained a telescope to change the beam size. These tele- 
scopes had a magnification of .75x and 1.33x giving a 
waist ratio of q = 1.78 which is not far from the ideal go 
discussed above. One output port of the interferometer 
was used to lock the two beams out of phase by maximiz- 
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Fig. 2. (color online) (a) Schematic drawing of the in- 
terferometer used to generate the two beams, (b) Cross- 
sections of the intensity along the beam path for beam 
waists of w\ = 37 pm and W2 = 63 pm. 



ing the signal hitting a photodiode monitoring that out- 
put. To lock to this maximum a small dither was applied 
to the piezo controlled mirror for use with a lock-in am- 
plifier. The other output went through a telescope (2.5x 
magnification) and a final focusing lens (/ = 150 mm) 
to focus the two beams onto a Magneto Optical Trap 
(MOT). We obtained approximately 40 mW of trapping 
light at the atoms split between the two beams. The 
beam waists were = 12,22 pm (w is defined as the 
beam radius at the 1/e 2 intensity point). The power was 
split between the two beams by adjusting a A/ 2 plate be- 
fore the input to the interferometer to obtain an intensity 
null at the focus. 

We took images of the bottlebeam to measure the out- 
put waists and to compare them with the theoretical 
predictions. To do this we used a lens and CCD cam- 
era system, which had a magnification of 11, to image 
various axial planes of the bottlebeam. First we looked 
at each beam individually to measure each beam's waist 
and waist position. This allowed us to verify that each 
beam was focused at the same plane. The measured val- 
ues for the beam waists were then used to create theo- 
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Quantity 


BoB Trap 


wavelength 


A .852 fim 


optical power 


P = 40 mW 


detuning 


A/2tt = +40 GHz 


beam waists 


u>i,2 — 12, 22 /mi 


trap depth (axial, radial, saddle) 


4.4,2.7,1.4 mK 


position of axial intensity peak 


Zm = ±970 /im 


position of radial intensity peak 


prn - 16 /im 


spatial confinement 


(^rms,/>rms) = (31., 3.0) /im 


axial vibrational frequency 


lj z /2tt = 290 Hz 


photon scattering rate 


730 s -1 



150- 



Table 1. Trap parameters calculated from our measured 
beam waists and power for 50 /iK Cs atoms. 



retical plots for comparison with pictures of both beams 
together. The results are shown in Fig. [2)3. 

We then used the BoB to trap Cs atoms from a MOT. 
The atoms in the MOT had an initial temperature of 
about 50 /iK measured using a time of flight method. 
With our power and beam sizes, this gives the parameters 
shown in Table 1. To look for trapping we allowed the 
MOT to load for 1 s then turned on the bottle beam 
allowing both to overlap for about 1 ms. We then turned 
off the MOT beams for a time t allowing the MOT to 
fall away. Finally the MOT beams were briefly turned 
on to take a flourescence image of the atoms using a 
cooled EMCCD camera. By varying the delay time t 
between extinction of the MOT beams and measuring the 
atom number we extracted an exponential trap lifetime of 
r ~ 20 ms, as shown in Fig. OH The atom distribution in 
the inset is consistent with a pencil of atoms of size 2z m x 
2p m . This is expected since at t = 40 ms the atoms have 
been heated above the saddle temperature and essentially 
fill the volume between the axial and radial peaks. 

The finite trap lifetime is due to several factors [l^ in- 
cluding heating due to photon scattering, spatial noise 
of the trapping beams, and collisions with background 
atoms. We believe the dominant factor limiting the life- 
time is substantial initial heating of the atoms by the 
non-adiabatic transfer from the MOT to the BoB trap 
followed by photon scattering. An initial temperature of 
500 /iK would imply a mean scattering rate of 5 x 10 3 s _1 
which in turn would heat the atoms to 1 mK in a time of 
20 ms. Since the escape barrier at the saddle is ~ 1 mK, 
this estimate is consistent with the observed lifetime of 
r = 20 ms. 

In conclusion we have demonstrated trapping of cold 
Cs atoms in a novel BoB trap. Our method only re- 
quires access through a single window, is relatively sim- 
ple, and uses standard optical components. It has the 
potential for sub /im trapping in 3D with very modest op- 
tical power. Atoms were visible in our trap for more than 
100 ms, and we believe that with a larger detuning and 
the addition of a cooling phase after trap loading, life- 
times limited by collisions with background atoms should 
be possible. In future work we will explore methods for 
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Fig. 3. (color online) Measurement of trap decay versus 
time. The curve is a least squares fit to the function 
b + ae~ l l T resulting in a = 1100, b = 18, and r = 20 ms. 
The inset shows the spatial distribution at t = 40 ms 
formed by averaging 200, 1 ms exposures. To the right is 
a transverse line profile through the center of the trap. 



cooling inside the BoB trap, as in Ref. [ll|. Finally we 
note that this technique can be easily generalized to cre- 
ate other types of dark traps. By putting P2 < P\w\jw\ 
and q > 1 there will be finite intensity at the origin, but 



an intensity null at z = 0, p = wi-^ 



]n(qy/P[/F£). 

In this way microscopic toroidal traps can be generated 
which may be useful for studies of persistent currents and 
superfluid flow with cold atoms [12(1 * 
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